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The adsorption of two widely used fluorescent whitening agents (FWAs) on unbrightened cotton fabrics has been investi-
gated as a function of temperature, hardness of the wash liquor, initial concentration of FWA in solution, and fabric to
wash liquor ratio. Sorption efficiencies of FWAs have been studied using a UV spectrophotometry technique. A mecha-
nistic model has been developed to describe the dissolution process of FWAs, convective mass transport into the fabrics,
diffusion in the stagnant layer to the fabrics’ surface, and adsorption of FWAs on cotton fabrics. Dual porosity of the
fabrics (inter-yarn and intra-yarn porosity) has been considered by allowing two different regions (outer and inner
areas of the cotton fabrics) where FWAs molecules can diffuse and adsorb. Good agreement between experimental and
predicted whiteness benefit by the proposed mathematical model has been observed for the range of variables consid-
ered. VC The Authors AIChE Journal published by Wiley Periodicals, Inc. on behalf of 2017 American Institute of
Chemical Engineers AIChE J, 64: 1305–1316, 2018
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Introduction
Many organic fabrics such as cotton absorb in the short UV-
region extending into the blue region of the spectrum which
promotes a yellowing shade on the textiles. The extent of this
shade depends on some properties of the polymer such as the
number of conjugated systems, the degree of substitution, as
well as the degradation products.1 Bleaching of cotton textiles
is carried out during its processing prior to dyeing and further
finishing steps to remove the yellowish color and achieve a
white appearance. The most common bleaching agent used
industrially is hydrogen peroxide.2,3 However, gradual yellow-
ing and whiteness loss of used textile items occur over time
due to several causes like accumulation and aging of unre-
moved oily soils such as human sebum or particulate soils.4–7
Thus, during the washing process of textiles in a commercial
washing machine, different whiteness maintenance transfor-
mations take place, namely (a) soil removal from fabrics’
structure, (b) suspension and antiredeposition of removed soil,
(c) bleaching of soils remaining in fabrics, (d) deposition of
shading dye actives, which are used to shift the yellowness of
fabrics to a more preferred blue hue, and (e) deposition of
fluorescent whitening agents (FWAs) which are also known as
optical brighteners.
FWAs are widely used in the textile and paper industry for
improvement and maintenance of whiteness. These molecules
absorb light in the UV region (340–360 nm) and emit on the
blue region of the visible spectrum (440–460 nm). Thus, not
only the yellowish of the fabrics is compensated but also more
visible light is emitted resulting in a whiter and brighter
appearance of the textiles.8,9
The majority of the FWAs used in the detergent industry
present affinity for cotton fabrics. The most important FWAs
used for this substrate contain two sulphonate groups and can
be divided into two main categories depending on the type of
chemical group present on their structure: distyrylbiphenyl
(DSBP) or diaminostilbene (DAS).10 These groups are the
chromophores of the FWAs where the electron transitions
induced by the absorption of light in the UV region of the
spectrum takes place. The optical properties of the chromo-
phores can be modified by substituents that may promote an
intensification of the fluorescence depending on their location
on the chromophore.9
The change in appearance of textiles due to the adsorption
of FWAs can be assessed by reflectance spectroscopy which is
one of the main techniques used for color assessment.11 The
most common system for color measurement is the CIE sys-
tem (Commission Internationale de l’Eclrairage).
Desirable attributes of the FWAs molecules are (i) high sol-
ubility of the molecules and kinetics of dissolution, (ii) high
partition coefficient toward the fabric surface to improve
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article.
Correspondence concerning this article should be addressed to L. Bueno at
lxb269@bham.ac.uk.
VC The Authors AIChE Journal published by Wiley Periodicals, Inc. on
behalf of 2017 American Institute of Chemical Engineers
AIChE Journal 1305April 2018 Vol. 64, No. 4
deposition level efficiency, and (iii) high stability to sunlight
is also essential as the oxidative degradation of the molecules
leads to the formation of products that cause yellowing of fab-
rics. The photochemical reactions involve a reversible photoi-
somerization of the FWAs followed by an irreversible photo-
degradation process that leads to the yellowing of the fab-
rics.12–14 It has been reported that FWAs present different
lightfastness (resistance to fading when exposed to sunlight)
so that DSBP type presents a superior lightfastness than that of
DAS-type FWAs, promoting a lower decrease on the white-
ness of the textiles when they are exposed to light.15
Cotton textiles can be described as a nonhomogeneous
porous media formed by two main porosities, a comparatively
large porosity due to the spaces in between the yarns and a
second and smaller porosity due to the spaces in between the
fibers forming the yarns.16
The transport of the FWAs molecules from the bulk solution
to the textiles surface as well as the surface accessibility dur-
ing the washing process determines the rate and magnitude of
adsorption when the adsorption process in itself is not rate lim-
iting.17 Mass-transfer phenomena in textile porous media have
been extensively studied in the past.18–20 Van den Brekel21
has concluded that there are two existing regimens for the
flow inside a textile as a function of the textile porosity, exist-
ing a relatively fast flow between the yarns (inter-yarn poros-
ity) and a much slower diffusive flow in the smaller spaces in
between the fibers forming the yarns (intra-yarn porosity).
Moholkar and Warmoeskerken22 have developed a model to
describe the flow through textiles based on the relative resis-
tances present in each region.
Ganguli and Eendenburg23 have studied the mass transfer
through textiles in an agitated bath and have suggested that the
diffusive region is dependent on the mechanical action of the
system so that with increasing agitation, the thickness of this
region is reduced due to greater degree of flow penetration
from the bath into the textiles’ structure. Warmoeskerken
et al.24 have also concluded that the role of the mechanical
action experienced by the textiles in the washing machine dur-
ing the washing process promotes the squeezing of textiles
which leads to the reduction of the stagnant region.
The amount of FWAs deposited on the textiles can be deter-
mined using a UV spectroscopy technique. Yoon and Chai25,26
have tracked the adsorption of two commercial additives on
the fiber surface of papermaking fibrous solutions. XianNan
et al.27 have studied the adsorption behavior of a FWA on a
paper fibrous suspension using this technique. Iamazaki and
Atvars8,28 have studied the impact of surfactants and salts on
the sorption of FWAs onto fibers, concluding that surfactant
charge and concentration influences the sorption of FWAs.
Oppositely charged surfactants respect to FWAs have a posi-
tive effect on the sorption process due to the electrostatic inter-
actions. Salts induce changes on the critical micelle
concentration of the surfactants promoting a beneficial effect
on the FWAs sorption.
However, to the best of our knowledge, there is no study
that deals with the modeling of all the transformations
involved in the adsorption of FWAs during the washing pro-
cess. Therefore, the aim of the present work is to quantita-
tively assess and model the adsorption behavior of two FWAs
typically used in detergent formulations onto flat cotton fabrics
as a function of temperature, water hardness, initial concentra-
tion of FWAs in solution, fabric to wash liquor ratio, and con-
centration of detergent formulation in the system.
Materials
Water hardness is controlled by the amount of calcium and
magnesium ions salts dissolved in the water29 by adding
CaCl2.2H2O and MgCl2.6H2O (VWR chemicals), 4,4
0-DSBP
sulfonic acid sodium salt (Tinopal CBS, Sigma Aldrich), and
4,40-DAS-2,20-disulfonic acid sodium salt (Tinopal DMS,
Sigma Aldrich). Unbrightened and bleached flat cotton fabrics
are used as model textiles (Warwick Equest, UK), knitted cot-
ton, polycotton, and terry towel textiles (WFK, Germany) are
used to test the impact of fabric structure on FWAs’ perfor-
mance, and cellulose powder (20 mm, Sigma Aldrich) is used
for the characterization of cellulose zeta potential of the sys-
tem. A powder detergent (Procter and Gamble) with nil whit-
ening actives content is used as base formulation for all
experiments. The detergent is composed by 5%–15% anionic
surfactants, <5% nonionic surfactants, <5% zeolites, phos-
phonates, and polycarboxylates, <5% enzymes, and <5%
perfumes.
Characterization of cotton textiles
Main characteristics of unbrightened and bleached cotton
textiles are summarized on Table 1. Figure 1 represents a
SEM image of dried flat cotton fabric and terry cotton, respec-
tively. It can be observed how the terry cotton fabric presents
a thicker yarn (higher number of fibers forming the yarn) com-
pared to flat cotton; however, the fiber diameter remains the
same in both cases.
Apparatus
The schematic diagram of the experimental setup is repre-
sented in Figure 2. A UV–Cary 60S spectrophotometer online
probe (Agilent Technologies) is used to monitor the absor-
bance of the FWAs in solution in real time. The UV probe is
protected with a metal frame to avoid the deposition of small
fibers on the probe which then alter the absorbance signal
increasing the experimental noise.
To be able to track the concentration of FWAs present in
solution by spectrophotometry, a calibration curve that corre-
lates the concentration in solution with the resulting absor-
bance is required. For that purpose, the spectrum (200–
Table 1. Characterization of Cotton Textiles
Property Flat cotton Terry Cotton Knitted cotton Polycotton Method
Initial b* value
(L*a*b* colorspace)
20.5 214.8 214 28 Spectrophotometry
Specific surface
area (m2/kg)
12.38 3.93 6.60 17.13 Gravimetric
technique
Yarn diameter (m) 218 3 1026
6 20 3 1026
868 3 1026
6 20 3 1026
288 3 1026
6 20 3 1026
189 3 1026
6 20 3 1026
SEM
Fiber diameter (m) 16 3 1026
6 3 3 1026
13 3 1026
6 3 3 1026
16 3 1026
6 3 3 1026
12 3 1026
6 3 3 1026
SEM
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700 nm) of both FWAs has been obtained and the wavelength
of maximum absorbance selected (kmax 5 350 nm). This tech-
nique allows obtaining high time-resolution data of full depo-
sition kinetics (dissolution/active transport and deposition) on
a single experiment. The calibration curve of each FWA was
obtained by preparing solutions of different concentration and
measuring the absorbance at k5 350 nm. Different calibration
curves were obtained for several temperatures, water hardness
and detergent formulation concentration to study the potential
effect of each variable on the absorbance value. Absorbance
measurements of each solution were carried out filtering and
nonfiltering the samples with a syringe filter of 0.45 mm pore
size (Fisher Scientific) to account for possible differences
probably due to the formation of crystals from both the deter-
gent, hardness and FWAs or due to the presence of undis-
solved FWA (solubility dependence on temperature).
Experimental procedure
The main set of experiments were carried out with predis-
solved FWA to study the FWA transport independently. Later
on, dissolution and transport were combined within the model
and experimentally validated. As shown in Figure 2, 0.8 L of
solvent (deionized water) was introduced in a tergotometer,
which consists of a cylindrical vessel continuously stirred by a
two blade flat impeller. Initially, salts used to control hardness
of the wash liquor were added to the tergotometer and stirred
for 10 min to ensure complete dissolution. Afterward, deter-
gent formulation with nil FWA content was added to the solu-
tion and stirred for 30 min. Finally, FWAs were added to the
vessel containing the dissolved salts and detergent and stirred
for 30 min more. Stirring is maintained constant in all cases at
a speed of 200 rpm. At this moment, unbrightened cotton fab-
rics (5 cm 3 5 cm) were added to the tergotometer and the
stirring speed decreased to 100 rpm to avoid too much abra-
sion between the fabrics leading to a very high release of fibers
which would then promote an increase in the signal noise. As
soon as the fabrics are added, the porosity is filled by the wash
liquor due to capillary action bringing in FWAs into the fab-
rics’ structure (3.7% of the total mass of FWAs). Absor-
bance was monitored in real time at the peak wavelength of
the FWAs (k5 350 nm). After the experiment, the cotton fab-
rics were removed from the tergotometer and introduced in a
0.05-L syringe where they were compressed to remove the
excess of wash liquor from the fabrics structure by applying a
uniform force across all the fabrics. The degree of
compression was calculated based on the fabrics absorbency
to achieve a similar degree of water removal to the one experi-
enced by the textiles in a commercial front loader washing
machine at the end of the wash cycle (1 kg water/1 kg fab-
ric). Afterward, the fabrics were dried over night at room tem-
perature and the final color of the cotton fabrics was measured
by reflectance spectrophotometry.
Multicycle
Multicycle performance of FWAs depositing on flat woven
cotton fabrics was studied following the methodology previ-
ously described for the washing process. Afterward, the cotton
fabrics were rinsed for 5 min by introducing them in the same
tergotometer system, containing 0.8-L deionized water at
293 K and 100 rpm. Then, the fabrics were removed from the
tergotometer, and the excess of water eliminated from the fab-
rics structure as previously described using a syringe. Next,
the fabrics were dried overnight at room temperature prior to
conduct the color measurement by spectrophotometry. The
fabrics were then submerged in deionized water to completely
wet the textiles. Drying of textiles in outdoor conditions was
replicated by introducing the fabrics in a solar simulating
room, which is a dark room equipped with lamps with a light
irradiance level that simulates solar conditions. Fabrics are
hung on drying racks and exposed to the light from the lamps
for 1 h to replicate the amount of sunlight received on an aver-
age 10 h exposure day in a hot country. Thus, this procedure
Figure 1. SEM image of (a) dried flat cotton fabric and (b) dried terry cotton fabric.
Figure 2. Schematic diagram of the experimental
setup.
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allows us to magnify the effect of sunlight on the yellowing of
textiles. After 1 h, fabrics were removed from the solar simu-
lating room and the color measured again to obtain the effect
of sunlight degradation. This procedure constitutes one com-
plete wash cycle of the textiles.
Design of experiments
The following variables and ranges were considered for the
study of FWAs adsorbing on cotton fabrics: temperature (293–
333 K), hardness (0–20 gpg), fabric to wash liquor ratio
(0.0187–0.0375 kg/kg), detergent concentration (0–5000
ppm), and initial concentration of FWAs (2.6–35 ppm). The
range selected for the fabric to wash liquor ratio is lower than
the one typically found in real washing machine conditions
(0.07 to 0.2 kg/kg) to obtain more reproducible results by
reducing the noise/signal ratio. During the washing process,
fabrics release fibers which can then get trapped in the UV
probe promoting a significant increase of the experimental
noise; therefore by maintaining a low fabric to wash liquor
ratio, the noise is minimized. In addition, fabric mixing within
the tergotometer is better at low to moderate fabric to wash
liquor ratios. However, the mechanistic model can then be
used to extrapolate results to higher fabric to wash liquor
ratios. The FWAs concentration range selected is slightly
higher than the one typically used in detergent formulations to
magnify the absorbance signal at kmax 5 350 nm and improve
the detection of FWAs adsorption on textiles using this
technique.
Two different design of experiments were created for nil
and 5000 ppm of Ariel detergent formulation in solution for
each FWA. The design of experiments was conducted consid-
ering linear terms for all variables, interaction terms to second
degree for all variables except for fabric to wash liquor ratio
which was studied as a single variable effect, and quadratic
terms for temperature and concentration. Although the dissolu-
tion and transport models are mechanistic, the dependence of
the isotherm coefficient with these variables is statistically
fitted.
Four additional multicycle experiments were carried out for
both FWAs separately with an initial concentration in solution
of 35.1 ppm for Tinopal DMS and 7.8 ppm for Tinopal CBS.
Each cycle was conducted at the following fixed experimental
conditions for the washing step: 293 K, 5000 ppm Ariel deter-
gent formulation, 0 gpg spiked hardness, and 0.01875 kg/kg
for the fabric to wash liquor ratio.
Blank experiments with nil FWAs concentration were also
conducted to understand whether the presence of any of the
different actives in the detergent formulation could alter the
L*a*b* values of the cotton fabrics.
Methods
Mobility measurements
To understand the effect of detergent concentration and
hardness level on the cotton surface charge, the electrophoretic
mobility of cellulose powder in aqueous solutions was mea-
sured at 25.06 0.58C using a Zetasizer Nano ZS (Malvern
Instruments) similarly to the method described by Iamazaki
and Atvars.28 Aqueous solutions with different electrolyte
concentrations (CaCl2.2H2O and MgCl2.6H2O on a 3:1 molar
ratio corresponding to 0–20 gpg hardness) were prepared with
and without Ariel powder detergent formulation (5000 ppm).
Afterward, cellulose powder was added to the solutions and
stirred at 200 rpm by a magnetic stirrer for 2 h prior to conduct
the measurement. Blank experiments were conducted in all
cases to remove the background signal and consider exclu-
sively the signal due to the electrophoretic mobility of the cel-
lulose (see Supporting Information Appendix 1). The average
value of 10 consecutive measurements was considered for
each sample. Zeta potential is calculated from the electropho-
retic mobility data using Smoluchowski equation.30–32
Color measurements
Color measurements of cotton textiles before and after wash
were obtained by a reflectance spectrophotometer (Konica
Minolta, CM–3610d) considering a 108 observer under CIE
standard D65 illuminant (daylight, outdoor conditions).33,34
Cotton fabrics’ reflectance under D65 illuminant with the
exclusion of UV component was similarly measured to obtain
the reflectance of textiles without the action of FWAs, simulat-
ing indoor conditions which are relevant to understand the yel-
lowing (change in shade) of fabrics due to sunlight
degradation. CIE L*a*b*35,36 measurements were conducted
in 10 fabrics per experiment, and three repeats per measure-
ment were obtained.
Scanning electron microscopy (SEM)
Surface characterization of cotton textiles was carried out
using a Hitachi TM-1000 scanning electron microscope. Each
fabric sample was fixed in a sample holder and examined with
an appropriate acceleration voltage (15 kV) and suitable
magnification.
Modeling
Based on experimental data, the mechanism proposed for
the deposition of FWAs on flat cotton fabrics is controlled by
the following phenomena: (I) dissolution of FWAs in the bulk
solution, (II) convective mass-transfer flow into the fabrics,
(III) Fickian diffusion of FWA molecules to the fabric surface
in the liquid stagnant layer within the yarns, (IV) adsorption/
desorption on fabrics’ surface (adsorption/desorption iso-
therms), and (V) resulting L*a*b* values of fabrics for a given
deposition concentration of FWA. Figure 3 represents a sche-
matic diagram of the different phenomena considered in the
system.
(I) Dissolution of FWAs
The Noyes–Whitney equation can be used to describe the
particle dissolution rate when the process is controlled by the
external mass transfer at the boundary of the particle
Figure 3. Schematic diagram of the regions considered
in the system.
[Color figure can be viewed at wileyonlinelibrary.com]
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surface.37,38 The dissolution rate can be expressed as follows
for species i
dMi
dt
52Ki  AIi  csati2csolution; it
 
(1)
where Mi (kg) is the undissolved mass at a given time, Ki
(m/s) is the solid–liquid mass-transfer coefficient, AIi (m
2) is
the interfacial area, Csati (kg/m
3) is the saturation concentra-
tion of species i, and csolution; it (kg/m
3) is the concentration of
species i in the bulk solution. Assuming that Csati  csolution; it
and that the particles have spherical shape (which has been
confirmed by SEM analysis of both FWAs particles), the
undissolved mass and the interfacial area can be expressed as
described by Cao et al.39 Substituting in Eq. 1
dMi
dt
52Ki  AIio  Csati 
Mi
Mio
 2=3
(2)
where Mio (kg) and AIio (m
2) refers to initial undissolved mass
and initial interfacial area of the particles, respectively.
(II) Convective mass transfer flow into the fabrics
The mass balance for species i to the bulk is represented by
Eq. 3
Vbulk
dcsolution;i; t
dt
5
dMi
dt
1QF  cconv:i;t2QF  csolutioni;t; (3)
where Vbulk (m
3) is the bulk volume, QF (m
3/s) is the convec-
tive flow generated due to the hydrodynamics forces on the
fabrics, and cconv:i;t (kg/m
3) is the concentration of species i in
the convective region at time t. The mass balance to the con-
vective region which is connected to the bulk via the convec-
tive flow is given by Eq. 4
Vconv: 
dcconv:i;t
dt
52SA  Di Tð Þ  @ci x; tð Þ
@x

x50
2QF
 cconv:i;t1QF  csolutioni;t (4)
where Di Tð Þ (m2/s) is the diffusion coefficient of species at a
given temperature T (K), L (m) is the thickness of the diffu-
sive layer, ci x; tð Þ is the concentration of species i at time t
and position x of the diffusive layer domain, and SA (m
2) is
the surface area of fabrics which can be expressed according
to Eq. 5
SA5SAspecific MF (5)
where SAspecific (m
2/kg) is the specific apparent surface area and
MF (kg) is the fabric mass.
There is also an initial convective flow by capillarity when
the dry fabrics are added into the wash liquor. This is not
important in real-wash conditions where the detergent is added
to the wash after the water has filled the fabrics’ structure. The
impact of this capillary flow in the present experiments is very
low due to having a small fabric to water ratio (only 3.7% of
the total FWAs flows into the fabrics structure by capillary
action potentially resulting in faster diffusion for this small
fraction of the total FWAs deposited 80%–90%).
(III) Fickian Diffusion of molecules to the fabric surface
Due to the complex geometry of the fibers within the yarn
(see Figure 1), a simplified system with a single Cartesian dif-
fusion distance is first considered. According to Fick’s first
and second laws of diffusion, the change in concentration of
species i in the diffusive layer over time can be expressed as
described by Eq. 6
@ci x; tð Þ
@t
5Di Tð Þ @
2ci x; tð Þ
@x2
(6)
The influence of temperature on the diffusion coefficient is
given by Eq. 7 derived from the Stokes Einstein equation41
Di Tð Þ5Di Trefð Þ  T=l
Tref=lref
(7)
where Di Trefð Þ (m2/s) is the diffusion coefficient of species i at
the reference temperature (Tref 5 293 K), and l (Pa s) and lref
(Pa s) is the viscosity of the wash liquor at a given temperature
and at the reference temperature, respectively. The viscosity
of water as a function of temperature is well known and can be
calculated according to the Arrhenius type of equation.42
Boundary conditions
For x5 0 ci x; tð Þjx505csolution;i; t (8)
For x5 L D Tð Þi 
@ci x; tð Þ
@x

x5L
52
d cadsorbed; it
 
dt
Initial conditions
Pre-wetted fabrics; t5 0 ciðx; 0Þ5 csolution;i; t50 (9)
Non pre-wetted fabrics; t5 0 ci x; 0ð Þ5 0
The total volume of liquid (Vtotal, m
3) is the sum of the volume
of liquid present in the bulk region and the volume of liquid in
the convective (Vconv, m
3) and stagnant region (Vstagnant, m
3) of
the fabrics. It can be expressed as follows
Vtotal5VBulk1Vconv:1Vstagnant (10)
Vstagnant5SA  L (11)
It has been considered that the total surface area of the textiles
available for the adsorption of FWAs is the apparent surface
on both sides of the fabrics. This area is used as available area
for adsorption instead of the individual fiber area to reduce the
complexity of the model because, in the latter case, the layer
for the diffusion of actives would be shared by multiple fibers,
otherwise the volume of liquid present in the diffusive layer
would be unrealistic. Furthermore it is believed that the appar-
ent surface area of the fabrics may be the most important area
to consider in the adsorption process as the availability of the
fiber area would be reduced as we go deeper into the yarn due
to the compression of fibers within the yarn, especially due to
the fiber swelling during the washing process.
(IV) Adsorption/Desorption on fabrics’ surface
The kinetics of adsorption/desorption is considered instanta-
neous in comparison to the convective and diffusive pro-
cesses.17 Langmuir, Freundlich, and linear mathematical
expressions43 were considered for the fitting of equilibrium
isotherms. A linear isotherm has been considered as it fits best
the experimental data of both optical brighteners for the range
of concentration considered (Eq. 12)
cadsorbed; i;t5teq5ceqi  ci x5L; t5teq
 
(12)
where cadsorbed; i;t (kg/m
2) is the adsorbed concentration of spe-
cies i in equilibrium, ceqi (m
3/m2) is the partition coefficient,
and ci x5L; t5teq
 
; kg=m3ð Þ is the concentration in solution
of species i in equilibrium with its adsorbed concentration.
(V) Reflectance of fabrics
Measurement of the fabrics’ reflectance by spectrophotome-
try allows us to correlate the change produced in the L*a*b*
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values of the cotton fabrics before and after wash with the
adsorbed concentration of FWAs, which is calculated by a
mass balance as described below
csolution;i;t50:Vtotal5csolution;i;t:Vtotal1cadsorbed;i;t:Sspecific:MF
cadsorbed;i;t5
VTotal csolution;i;t50 2csolution;i;t
 
Sspecific:MF
(13)
where the concentration of active in solution of species i at a
given time is obtained from the absorbance measurements and
the calibration curve that correlates the absorbance with the
concentration of FWA in solution.
It is expected to observe a change mainly in the b* color
component (L*a*b* colorspace) after the wash due to the
FWAs’ mechanism (dbi;t), emitting light on the blue region of
the visible spectrum, which has been experimentally con-
firmed. It has also been observed that the change produced on
the other two color components due to the adsorption of
FWAs is linearly correlated with the change in vector b*. The
relationship between dbi;t and the adsorbed concentration is
given by Eq. 14, which is of the form of Michaelis Menten
equation44
dbi;t5
P1i  P2i  cadsorbed;i;t
11P2i  cadsorbed;i;t (14)
where P1i and P2i are fitting parameters of the species i.
Reported values of dbi;t are normalized (db

n;i;t) considering the
maximum dbi;t experimentally obtained for the range of varia-
bles considered in the study.
To be able to predict the change in the b* color component
of the cotton textiles when both FWAs are present in solution,
it is important to bear in mind that the relationship between
the change in the b* component (L*a*b* colorspace) of the
fabrics and the adsorbed concentration is not linear, and there-
fore, the combined action of both molecules cannot be
obtained by linear addition of the dbi;t of each individual
component.
A normalized adsorbed concentration cadsorbed n;i;t
 
is
defined as the adsorbed concentration of a given FWA divided
by the maximum concentration obtained for the range of con-
ditions considered in the study. The nonlinearity of the
adsorbed concentration and dbi;t should be similar for both
FWAs tested as a result of similar adsorption and quenching
mechanisms. One would expect, the normalized curve of dbi;t
to be similar in both cases as shown in Supporting Information
Appendix 2. Using this, to obtain the resulting dbtotal;t of tex-
tiles as a result of the combined action of both actives, a single
curve of dbi;t-adsorbed concentration is required. In the pre-
sent case, the curve corresponding to Tinopal CBS has been
selected.
The adsorbed concentration of Tinopal CBS is calculated
at a certain time based on dissolution kinetics, mass transfer,
and adsorption isotherm. Next, to know the contribution
from the second component on the total change in the b*
value of the cotton fabrics (dbtotal;tÞ, an equivalent adsorbed
concentration of Tinopal CBS due to the action of Tinopal
DMS is required. For that purpose, the adsorbed concentra-
tion of Tinopal DMS is calculated as well as the correspond-
ing dbDMS;t using Eq. 14 as it was the only component in the
system. Then, the equivalent adsorbed concentration of Tino-
pal CBS due to the impact of Tinopal DMS (cequiv: ads;CBS, kg/
m2) is calculated by Eq. 15
cequiv: ads;CBS5
dbDMS;t
P2 CBS  P1 CBS2dbDMS;t
  (15)
where the subscript DMS or CBS refers to Tinopal DMS or
Tinopal CBS, respectively. The total change in the b* compo-
nent of the textiles (dbtotal;t) due to the presence of both FWAs
molecules is therefore due to the adsorbed concentration of
Tinopal CBS plus the equivalent adsorbed concentration due
to the presence of Tinopal DMS. dbtotal;t is then calculated
using Eq. 16
dbtotal;t55
P1 CBS  P2 CBS  cadsorbedCBS; t1cequiv: ads;CBS
 
11P2 CBS  cadsorbedCBS;t1 cequiv: ads;CBS
 
(16)
This procedure has been experimentally validated as described
in Supporting Information Appendix 2.
Results and Discussion
Dissolution of FWAs
Kinetics of dissolution of Tinopal DMS is greatly influenced
by temperature whereas Tinopal CBS is very fast dissolving in
any case. This will highly impact the adsorption performance of
Tinopal DMS mainly for cold and short contact times due to
less dissolved mass available in solution. It can be observed in
Figure 4 that there is a portion of Tinopal DMS dissolving very
fast regardless of the temperature and hardness conditions
which may be due to the presence of a very broad particle-size
distribution (PSD) of the raw material. Therefore, different size
cuts have been considered for the modeling of the dissolution
process. Unknown dissolution parameters are the kinetic con-
stant, the initial interfacial area of particles and the concentra-
tion of saturation of species i which are captured by a kinetic
constant, (k0i, kg/s) as described by Eq. 17
ki
05Ki:AIio:Csat;i (17)
The kinetic dissolution constant depends on the temperature
of the solvent, and in the case of Tinopal DMS it is also a
function of the hardness present in the system. It can be
expressed by Eq. 18 which has been experimentally obtained
k0DMS5 kDMS;0gpg: 110:35: T2273ð Þ½ : 12Hð Þ
1 kDMS;20gpg: 110:35: T2273ð Þ½ 
(18)
In Eq. 18, kDMS;0gpg and kDMS;20gpg represents the kinetic con-
stant when the hardness level is 0 and 20 gpg, respectively,
and H (gpg) is the hardness of the wash liquor. The kinetic dis-
solution constant ki
0ð Þ of each FWA has been fitted using
experimental data obtained by spectrophotometry and
gPROMS 4.2.0 software.
Adsorption Isotherm
It has been experimentally observed that the adsorption iso-
therm of FWAs is not only dependent on temperature but also
on the hardness level of the solution. To consider both effects,
the isotherm coefficient is expressed as described by Eq. 19
being ai2fi parameters which have been fitted for each species
i using the statistical software JMP 12
ceqi5ai1bi:T1ci:T
21di:H1ei:H
21fi:H  T (19)
In the absence of a more complex detergent formulation, the
adsorption of both FWAs is significantly enhanced by the
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presence of salts (CaCl2.2H2O and MgCl2.6H2O). This is in
agreement with the results obtained by Yamaki et al.45 who
described the process as partially driven by electrostatic forces
and hydrogen bonding. However, once the detergent formula-
tion is present in the wash liquor, the effect of hardness on iso-
therms disappears, possibly due to the presence of all the
cations within the detergent formula.
Actually, for high hardness levels in the wash liquor, the
adsorption isotherm is similar to the one obtained when the
detergent formulation is present. Nevertheless, when consider-
ing 0 gpg hardness the adsorption coefficient, ceqi, is approxi-
mately zero. This is believed to be due to both cotton textiles
and FWAs molecules negatively charged. Thus, for those
experimental conditions, it is considered that only the mass of
FWAs remaining in the absorbed water within the fabrics at
the end of the experiment remains on the textiles’ structure
(2%). The effect of temperature on the adsorption isotherm
is negative so that with increasing temperature the retention
efficiency diminishes which is believed to be caused by
increasing energy of molecules
Dual Porosity of Fabrics
A lack of fit is observed for the deposition kinetics of FWAs
on cotton fabrics when the simplified system with Fickian dif-
fusion across a single diffusive layer is considered. The
hypothesis presented to explain this disagreement between
experimental and predicted data is the presence of a complex
dual porosity fabric structure.24 More specifically, some fibers
are on the surface of the yarn while others are deeper into the
yarn. Fabrics have two main porosities, inter-yarn porosity due
to the spaces present in between the yarns of the textiles and
intra-yarn porosity due to the spaces between the fibers form-
ing the yarns. As a consequence, FWA molecules diffuse
across different distances before they reach the fabric surface.
Initially a rapid decay of the bulk concentration is observed
which is thought to correspond to the adsorption of molecules
on the fibers that are on the outer surface of the yarns. The rate
of adsorption progressively decreases until saturation is
reached leading to the diffusion to deeper areas of fabrics
(intra-yarn porosity) which would promote a slower decrease
of the bulk concentration due to larger diffusion distances.
The deposition on the outer fibers of the yarns is fast because
there is convective flow in the inter-yarn porosity so that the
actual diffusive distance should be very small. The approach
followed to model the process is based on assuming two dif-
ferent fiber surfaces differing in their surface area and diffu-
sion distance, where molecules can diffuse and get
simultaneously adsorbed. The system can be considered analo-
gous to an electrical system with two resistances in parallel as
represented in Figure 5 where FWA flux is equivalent to elec-
trical current, diffusive distance is equivalent to electrical
resistance and concentration gradient is equivalent to the elec-
trical potential which is equal for both diffusion distances only
initially when the adsorbed concentration is zero.
The equations previously described still apply, although
two different diffusive distances on different surface areas are
now considered. Due to the fabric to wash liquor ratio consid-
ered in the present study, the convective transport of mole-
cules is much faster than the diffusive process. This
assumption is based on experimental results where no differ-
ences in the bulk concentration profile of FWAs were
observed when different impeller speeds above 100 rpm were
used. This implies that the transport in the convective region is
not the limiting step for the system and conditions considered
and therefore can be neglected. Under realistic washing condi-
tions this might not be the case as the fabric to wash liquor
ratio can be significantly higher (typically 0.05 kg:kg to
0.25 kg:kg) and the convective flow through the fabrics can be
of the same order of magnitude as the diffusive flow. The
mass balance for two different diffusive layers can be
described by Eqs. 3 and 20
Vconv
dcconvi;t
dt
5QF  csolutioni;t2QF  cconvi;t2SA1  Di Tð Þ
 @ci;1 x; tð Þ
@x

x50
2SA2  Di Tð Þ 
@ci;2 x; tð Þ
@x

x50
(20)
where L1; L2 and SA1 ; SA2 refers to the diffusive distance and
apparent surface area of the outer and inner fabrics’ surface,
respectively, and ci;1 x; tð Þ and ci;2 x; tð Þ are the concentration
of species i at time t and position x in the first and second dif-
fusive layers, respectively. The mass balance to the bulk when
considering instantaneous convective replenishment can be
expressed as described by Eq. 21
Vbulk
dcsolutioni
dt
52SA1  Di Tð Þ 
@ci;1 x; tð Þ
@x

x50
2SA2  Di Tð Þ
 @ci;2 x; tð Þ
@x

x50
1
dMi
dt
(21)
The total surface area available for FWAs adsorption is still
experimentally calculated considering the apparent surface
area of textiles via Eq. 5 (see Table 1). Since the model con-
siders two different surfaces where FWAs molecules can dif-
fuse and adsorb, they can be expressed as a function of the
total surface area available as described by Eq. 22
SAspecific5 SAspecific 11SAspecific 2
SAspecificratio5SAspecific 1=SAspecific 2 (22)
where SAspecific 1 and SAspecific 2 is the specific surface area of the
outer and inner area of the fabrics, respectively.
The total volume of the wash liquor is given by Eq. 23
Vtotal5Vbulk1Vstagnant; Vstagnant5Vyarns1Vfibers
Vyarns5SAspecific 1 MF  L1
Vfibers5SAspecific 2 MF  L2 (23)
Unknown variables of the system are the specific surface area
of textiles corresponding to the outer and inner fabrics’
Figure 4. Experimental and predicted dissolved frac-
tion over time of Tinopal DMS.
[Color figure can be viewed at wileyonlinelibrary.com]
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surface, the extension of the diffusive distance of the stagnant
region corresponding to each of the surfaces and the diffusion
coefficient of each FWA. Fitting of parameters was conducted
using gPROMS 4.2.0 software.
The diffusion coefficient of each FWA was fitted consider-
ing the proposed mathematical model with a single diffusion
distance to the fabric surface. For that purpose, experiments
were conducted following the procedure described previously
but with a stirring speed of 20 rpm. This speed corresponded
to the minimum agitation required to have mixing in the sys-
tem without promoting a reduction on the thickness of the
stagnant layer of the fabrics due to the mechanical action. The
extent of the diffusive layer, under these conditions, was
assumed to be half the yarn diameter of the cotton fabrics
which was experimentally measured by SEM (see Table 1).
The fitted diffusion coefficient at 293 K is 2:5310210 and
5:75310210 m2=s for Tinopal DMS and Tinopal CBS, respec-
tively. It can be observed that Tinopal CBS presents a higher
diffusion coefficient. This can be attributed to a lower molecu-
lar weight compared to Tinopal DMS. The fitted diffusion
coefficients are of similar order compared to the estimations
that would be obtained using the Wilke and Chang expres-
sion.46 Once the diffusivities of both FWAs are estimated, fit-
ting of the external and internal specific surface area of the
fabrics (SAspecific 1 ; SAspecific 2 ) and length of each of the diffusive
layers of the stagnant region corresponding to each of the sur-
faces (L1, L2) is conducted using the modified proposed mathe-
matical model obtaining the following values: L15 3.5E-6 m,
L25 1.62E-4 m, SAspecific 1 5 0.6285 m
2/kg and SAspecific 25
11.7515 m2/kg. It can be observed that the distance to the
outer surface of the fabrics (L1) is very short as it is easily
accessible by molecules. However deeper areas of the fabrics
which are not directly exposed to the wash liquor present a
higher diffusion distance which is similar to the measured
yarn diameter. Interestingly, this fabric structure has a maxi-
mum thickness of two times the yarn diameter because of the
interlacing of the yarns. It is important to bear in mind that the
fitted parameters L1 and L2 are model effective diffusion dis-
tances for the system considered where the complex 3-D
geometry of the cotton textiles has been simplified to a 1-D
Cartesian system. Figure 6 represents both the experimental
and predicted profiles of bulk concentration over time for
Tinopal DMS modeled when considering a single and a double
diffusive layer. One can see how the latter predicts the experi-
mental behavior more accurately, that is, the maximum error
of the predictions is 1.5% vs. up to 37% (at long times)
obtained when considering a single diffusive distance. Similar
results are obtained when considering Tinopal CBS. The ini-
tial increase in bulk concentration is due to the dissolution of
FWAs. At time t5 900 s fabrics are introduced in the tergo-
tometer causing a decay in the bulk concentration due to the
FWAs deposition on the fabrics’ structure until equilibrium is
reached. It is important to notice that in the case of Tinopal
DMS, full dissolution is not achieved when the fabrics are
added to the wash liquor, which is also accounted by the
model.
Model evaluation
Evaluation of the proposed model for the adsorption of
FWAs on flat cotton fabrics is carried out by comparing exper-
imental adsorbed concentration of FWAs on textiles across all
conditions and the predicted adsorbed concentration by the
model obtaining an R2 of 0.920 and 0.979 for systems contain-
ing Tinopal DMS and Tinopal CBS, respectively.
Multicycle performance
To be able to predict multicycle performance, an under-
standing of the degradation of FWAs between washes due to
UV light exposure is required. A decrease on the dbi;t value
measured under D65 standard illuminant conditions after the
exposure of textiles to sunlight has been observed. It is
believed to be due to the oxidative degradation of FWAs lead-
ing to loss of fluorescence. The decrease on dbi;t was observed
to be approximately constant after each cycle and more pro-
nounced for those textiles containing Tinopal DMS. However,
dbi;t values of textiles under D65 with nil UV component also
decrease after the exposure indicating that the base white of
fabrics is improving with the action of sunlight; further experi-
mental work is required to better understand the transforma-
tions taking place leading to this behavior.
Impact of dissolution kinetics on performance
Performance of FWAs may be significantly impacted by the
dissolution kinetics as only dissolved mass is depositing on
the fabrics’ structure. To study the impact of dissolution on
Tinopal DMS performance, several experiments were carried
out following the procedure previously described but in this
case, after the addition of 0.8-L deionized water at 293 K to
the tergotometer, salts corresponding to 20 gpg hardness level,
the detergent formulation (5000 ppm) and Tinopal DMS (35.1
ppm) were simultaneously added to the tergotometer.
Unbrightened cotton fabrics were immediately added
Figure 5. (a) Schematic representation of the system considered; (b) comparison to an electrical system with two
resistances in parallel.
[Color figure can be viewed at wileyonlinelibrary.com]
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afterward without leaving any time for the dissolution of any
of the species. The textiles were left in the solution for differ-
ent contact times (5, 10, or 20 min) and the stirring speed was
maintained constant during the entire experiment at 100 rpm.
Finally, the cotton fabrics were removed from the wash liquor
and dried overnight at room temperature prior to conduct the
measurement of L*a*b* values. Table 2 summarizes the
experimental and predicted dbn;i;t values for experiments con-
ducted with and without predissolution for Tinopal DMS. As
it can be observed, there are significant differences for short
contact times, whereas for 20 min where 80% of Tinopal
DMS has been already dissolved for these specific experimen-
tal conditions (Figure 4) there is no measurable difference on
the resulting dbn;i;t of the textiles.
Fabric to wash liquor ratio
For a fixed fabric to wash liquor ratio, the adsorbed concen-
tration of FWAs on textiles increases with increasing initial
concentration of active in solution. However, deposition time
to reach 95% of the equilibrium concentration does not vary.
Although there is more mass of chemistry to get adsorbed, the
concentration gradient also increases, and therefore promotes
a higher diffusive flux toward the fabric surface as described
by Fick’s law. However, the time to reach 95% of the equilib-
rium concentration as well as the actual equilibrium concen-
tration increase with decreasing fabric to wash liquor ratio for
a fixed FWAs concentration in solution since there is more
mass of active per surface area of textiles to be adsorbed.
Therefore, depending on the type of washing machine, where
the fabric to wash liquor ratio can vary significantly (typically
0.05 kg/kg to 0.25 kg/kg), washing times play a key role on
the final FWA adsorbed on fabrics and thus, on the resulting
whiteness of textiles requiring almost twice the time for
actives in the lower fabric to wash liquor ratio machine to
reach equilibrium. Figure 7 represents the bulk concentration
of Tinopal CBS over time for different fabric to wash liquor
ratios maintaining the chemistry to wash liquor ratio constant
in all cases. It can be observed how the bulk concentration is
decreasing more rapidly at high fabric to wash liquor ratios as
previously mentioned. It is important to bear in mind that in
the case of a washing machine with a high fabric to wash
liquor, the convective flow through fabrics (not considered in
Figure 7) would limit the deposition process.
Impact of fabric structure on brightener performance
Different cotton fabric types (i.e., knitted cotton, flat cotton,
polycotton, and terry towel) have different weaving structures
which imply different fabric thicknesses resulting in lower
apparent surface areas for those fabrics with higher thickness
Figure 6. (a) Experimental and predicted profile of Tinopal DMS bulk concentration for 20C, 20 gpg, and 35 ppm
initial concentration.
[Color figure can be viewed at wileyonlinelibrary.com]
Table 2. Experimental dbn;DMS;t of Textiles with and Without
Predissolution of Tinopal DMS Prior to the Addition of
Textiles
No predissolution Predissolution
Time
(min)
Experimental
dbn;DMS
Predicted
dbn;DMS
Experimental
dbn;DMS
Predicted
dbn;DMS
5 0.621 0.623 0.782 0.720
10 0.771 0.776 0.838 0.833
20 0.887 0.852 0.878 0.872
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(more mass per area). This could have an impact on the perfor-
mance of FWAs adsorbing on its structure.
Figure 8 shows the experimental benefit observed when
experiments are conducted using textiles with different struc-
ture (terry cotton, polycotton and knitted cotton) vs. the pre-
dicted benefit that would be obtained by the proposed
mathematical model taking into account the apparent surface
area of each textile type. The experiments were conducted
following the methodology previously described at 293 K, 0
gpg hardness, 0.01875 kg/kg fabric to wash liquor ratio, and
7.8 ppm of initial concentration in solution of Tinopal CBS.
The hypothesis presented is that similar concentration of
FWAs is adsorbing per unit mass of textile or per fiber due to
similar fiber diameter of all the textiles (see Table 1). Thus,
higher adsorbed concentration of FWAs per apparent surface
area is expected for thicker fabrics (in agreement with experi-
mental results shown in Figure 8). As FWAs deposit on fabrics,
there are two limiting cases between which all possible scenar-
ios fall: (i) FWAs are mainly adsorbing on the external surface
of the yarns which could lead to quenching of reflectance
(lower dbi;t of fabrics than expected for the FWA adsorbed con-
centration, Figure 9a) due to having several layers of FWAs,
(ii) FWAs are also diffusing to deeper areas of yarns because of
the external surface is getting saturated. In this case, FWAs in
deeper areas could also contribute less to the final dbi;t than
those FWA molecules adsorbing in more superficial layers (Fig-
ure 9b). Circles in Figure 9 represent the fibers of the cotton tex-
tiles while the small dots represent the FWA adsorbed.
It can be observed that a slope of 1 is obtained in Figure
8. This suggests that the dbi;t-adsorbed concentration relation-
ship previously modeled for flat cotton fabrics (Eq. 14) still
applies and therefore there is no significant quenching of
reflectance due to the differences in the thickness of the fab-
rics. Thus, by modeling one fabric structure, whiteness perfor-
mance can be predicted across any fabric structure as long as
the specific surface area (m2/kg) is known.
Conclusions
In this study, we investigated the adsorption of two widely
used stilbene derivative FWAs on unbrightened and unbleached
flat cotton fabrics as a function of temperature of the wash
liquor, fabric to wash liquor ratio, initial concentration of
FWAs in solution, hardness, and concentration of a commercial
detergent with nil FWAs content. The adsorption isotherm of
the FWAs is enhanced by the presence of salts in the wash
liquor which may be due to electrostatic forces partially driving
the process. Temperature has a negative effect on the adsorption
isotherm of both FWAs which could be caused by an increase
on the energy of molecules with increasing temperature leading
to lower deposition efficiency. Deposition time to reach 95% of
equilibrium as well as equilibrium concentration increase with
decreasing fabric to wash liquor ratio for a fixed FWA
Figure 7. Effect of fabric to wash liquor ratio on the
deposition kinetics and equilibrium concen-
tration for a constant initial FWA concentra-
tion.
[Color figure can be viewed at wileyonlinelibrary.com]
Figure 8. Expected vs. experimental dbn of Tinopal
DMS for different cotton fabric structures.
[Color figure can be viewed at wileyonlinelibrary.com]
Figure 9. Schematic representation of FWAs adsorption on different types of cotton fabrics.
[Color figure can be viewed at wileyonlinelibrary.com]
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concentration since there is more mass of active per surface
area to be adsorbed and the system equilibrates at a higher
adsorbed concentration in the isotherm curve. Therefore,
depending on the type of washing machine where the fabric to
wash liquor ratio can vary significantly (typically 0.05 kg/kg
to 0.25 kg/kg), the time of the main wash cycle plays a key role
on the final amount of FWA adsorbed on the fabrics and there-
fore on the resulting whiteness of the textiles requiring almost
twice the time for actives in the lower fabric to wash liquor ratio
machine to reach equilibrium.
Based on experimental data, a mechanistic model has been
developed to describe the dissolution process of FWAs, convec-
tive mass transport into the fabrics, diffusion to the fabrics sur-
face in the stagnant layer of yarns and adsorption on the fabrics
structure. Dissolution of FWAs has a great impact on whiteness
performance so that for short and cold washing cycles where
dissolution is slower, whiteness performance decreases signifi-
cantly. These results are in agreement with predictions obtained
by the mathematical model. Dual porosity (inter-yarn and intra-
yarn porosity) of the fabrics is considered in the model by
allowing two different regions in the fabrics where FWAs mole-
cules can diffuse and adsorb. Each region represents the outer
and inner surfaces of fabrics, respectively, which have a differ-
ent surface area and diffusion distance. Good agreement
between experimental data of FWAs depositing on cotton fab-
rics and predicted data by the proposed model is observed for
the range of variables considered. The approach followed to
model the deposition of FWAs on textiles as well as the key
learnings can be reapplied to any other depositing molecular
active present in the washing cycle.
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